Background: Cancer cells utilise the glycolytic pathway even when adequate oxygen is present, a phenomenon known as the Warburg effect. We examined whether this system is operative in multiple myeloma (MM) cells and whether glycolysis inhibition is a potential therapeutic modality.
Warburg in the 1920s compared slices of tumour and normal tissues, and found that tumours consume more glucose and produce more lactate, even in the presence of adequate oxygen . These observations were termed the Warburg effect or aerobic glycolysis. Since then, it has been understood that energy metabolism in cancer cells depends on aerobic glycolysis rather than oxidative phosphorylation in mitochondria. The advantages of glycolysis for cancer cells are postulated to be adaptation to hypoxia, acquisition of resistance to mitochondria-mediated apoptosis and acidification of the tumour microenvironment by lactate from cancer cells, which leads to tumour invasion or metastasis (Garber, 2010) .
Aerobic glycolysis is regulated by several oncogenes (e.g., AKT, MYC) and HIF1. Myc induces the expression of genes regulating glycolysis, such as GLUT1, HK2, Enolase1 and LDHA (Shim et al, 1997; Osthus et al, 2000; Dang et al, 2009) . Under hypoxic conditions, HIF1 also induces the expression of glycolytic enzymes, such as GLUT1, enolase1, LDHA and pyruvate dehydrogenase kinase-1 (PDK1) (Semenza et al, 1994; Lu et al, 2002; . The PDK1 is a Ser/Thr kinase that inactivates mitochondrial pyruvate dehydrogenase (PDH) by phosphorylation. As PDH is a gatekeeper enzyme that converts pyruvate to acetyl-CoA, PDK1 is known as a key regulator of the Warburg effect . Dichloroacetate (DCA), a PDK inhibitor, and 2-deoxyglucose, a hexokinase inhibitor, have been proposed as anticancer agents that target glycolysis (Pelicano et al, 2006; Pathania et al, 2009) .
The LDH is a well-known adverse prognostic factor in multiple myeloma (MM) as a component other than a moleculeregulating glycolysis (Barlogie et al, 1989; Dimopoulos et al, 1991; Anagnostopoulos et al, 2005; Terpos et al, 2010) . However, the mechanism of how LDH contributes to a poor prognosis in MM has not been studied.
In the present study, we investigated whether the Warburg effect is operative in MM cells by analysing the expression of glycolytic enzymes in MM cells, as well as their glucose consumption and lactate production. We also examined whether inhibition of PDK1 can be a therapeutic modality by using reagents that target aerobic glycolysis or inhibit PDK1 mRNA.
MATERIALS AND METHODS
Cell culture. Human myeloma cell lines, KMS-12BM (Ohtsuki et al, 1989) , KMS-12-PE (Ohtsuki et al, 1989) , U266 (Ikeyama et al, 1986) , RPMI8226 (Matsuoka et al, 1967) , KHM11 (Hata et al, 1994) , KMM1 (Togawa et al, 1982) , and a bortezomib-resistant myeloma cell line, KMS11/BTZ (Ri et al, 2010) , were cultured in RPMI-1640 containing 10% fetal bovine serum at 37 1C under 5% CO 2 . The cell concentrations were ascertained by direct counting using Trypan blue.
Patient samples. A total of 59 patients with MM and 13 patients with monoclonal gammopathy of undetermined significance (MGUS) were evaluated in the present study. Clinical specimens were taken from the MM and MGUS patients at the Department of Hematology, Kumamoto University Hospital, under written informed consent. After isolation of mononuclear cells from bone marrow samples using Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden), myeloma cells were purified using CD138-immunomagnetic beads (Miltenyi Biotech, Paris, France) as previously described (Uneda et al, 2003) . Survival data of 54 MM cases were utilised for analysis. Cutoff of LDHA mRNA expression was median value of all cases analysed.
cDNA synthesis and real-time PCR. Using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA), RNA was extracted from myeloma cells. The cDNA synthesis was performed using a SuperScript First-Standard Synthesis System for RT-PCR (Invitrogen) according to the manufacturer's protocol. Quantitative PCR analyses were performed using Assay-on-Demand primers and the TaqMan Universal PCR Master Mix reagent (Applied Biosystems, Foster City, NJ, USA). The samples were analysed using an ABI Prism 7700 Sequence Detection System (Applied Biosystems). The DDCT method was utilised to quantify the relative changes in gene expression as described previously (Livak and Schmittgen, 2001 ). The expression levels of b-actin were used to normalise the relative expression levels. Experiments were duplicated.
Glycolysis inhibitors. Sodium oxamate and DCA were purchased from Sigma-Aldrich (St Louis, MO, USA), and dissolved in water and phosphate-buffered saline, respectively.
Measurement of glucose concentration. The MM cell lines were seeded at 5 Â 10 5 cells ml À 1 and incubated for specified periods. A glucose metre (Precision Xceed; Abbot Japan, Tokyo, Japan), which was based on the glucose dehydrogenase method, was utilised to determine the concentrations of glucose in the culture media. Experiments were triplicated and analysed by paired t-test.
LDH assay. Intracellular LDH activity was evaluated using cell lysates and an LDH Quantification Kit (BioVision, Milpitas, CA, USA) according to the manufacturer's instructions. Briefly, MM cell lines were cultured at 1-2 Â 10 5 cells ml À 1 , and then 2 Â 10 6 cells were harvested and processed for cell lysate preparation. The LDH activities in the cell lysates were determined by monitoring the rate of NADH production from NAD þ . After incubation of the samples for 30 min at room temperature, the optical densities at a wavelength of 450 nm were analysed using a spectrophotometer (Vmax kinetic microplate reader; Molecular Devices, Sunnyvale, CA, USA). The data were calculated as the LDH activity per cell lysate protein amount. The protein concentrations in the cell lysates were measured using a BCA Protein Assay Kit (Pierce Biotechnology Inc., Rockford, IL, USA). Experiments were triplicated.
Measurement of lactate production. The MM cell lines were seeded at 5 Â 10 5 cells ml À 1 in 12-well plates. The lactate concentrations were evaluated using a lactate metre (Lactate Pro; Arkray, Kyoto, Japan), which electronically analysed potassium ferrocyanide converted from ferricyanide by lactate. The lactate concentrations in the culture media were also assayed using a Lactate Assay Kit (BioVision). Experiments were triplicated.
Western blotting. Cell lysates were prepared using the M-PER mammalian protein extraction reagent (Pierce Biotechnology Inc.) after addition of Halt EDTA-free phosphatase inhibitor cocktail and Halt protease inhibitor cocktail (both from Pierce Biotechnology Inc.). The cell lysates were separated in NuPAGE Bis-Tris precast gels (Invitrogen) and transferred to PVDF membranes using an iBlot Dry Blotting system (Invitrogen). The membranes were blocked with 5% non-fat dry milk dissolved in Tris-buffered saline (TBS) containing 0.5% Tween-20 (TBS-T) for 1 h at room temperature, followed by incubation with the primary antibodies at 4 1C for 18 h. The following primary antibodies were utilised: anticaspase-3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-PDK1 (Cell Signaling Technology, Beverly, MA, USA) and antiactin (Santa Cruz Biotechnology). After washing with TBS-T, the membranes were incubated with a horseradish peroxidaseconjugated secondary antibody (Amersham Biosciences, Oxford, UK) diluted in TBS-T for 2 h at room temperature. The antibodybound proteins were visualised using an ECL plus kit (Amersham Biosciences) and a bio-image analyser (Fuji Film, Tokyo, Japan).
Analysis of apoptosis. The MM cell lines were incubated in the presence of oxamate, DCA or bortezomib for 24 h. Apoptosis in the MM cell lines was quantified by staining with Annexin V-allophycocyanin and propidium iodide (PI). The samples were analysed by flow cytometry (EPICS MCL/XL or FACSCalibur; both from Becton Dickson, San Jose, CA, USA). In some experiments, apoptosis was analysed after pretreatment with Z-VAD-FMK, a pan-caspase inhibitor, for 30 min. Experiments were triplicated.
Evaluation of reactive oxygen species (ROS). Intracellular ROS production was measured by staining cells with 2 0 ,7 0 -dichlorofluorescein diacetate (Live Cell Fluorescent Reactive Oxygen Species Detection Kit; Marker Gene Technologies Inc., Eugene, OR, USA) and flow cytometry. tert-Butylhydroperoxide was evaluated as a positive control. Experiments were duplicated.
RNA interference experiments. An oligonucleotide targeting human PDK1 (5 0 -CCCGAACTAGAACTTGAAGAA-3 0 ; siPDK1) was purchased from Qiagen (Valencia, CA, USA). Transfections were performed using the HiPerFect Transfection Reagent (Qiagen) according to the manufacturer's protocol. Briefly, 2 Â 10 5 KMM1 cells in 100 ml of medium were seeded into 24-well plates and transfected with 750 ng of siPDK1 or control siRNA. After designated periods, the transfected cells were simultaneously processed for cell lysate preparation and subjected to western blotting and apoptosis analyses. Quantification of mRNA was analysed by real-time PCR. Experiments were triplicated.
Statistical analysis. Correlations among gene expressions and serum LDH were analysed by Spearman's correlation analysis. The differences in gene expression between MM and MGUS were examined with the Mann-Whitney U-test. Values of Po0.05 were considered to indicate statistical significance. Other statistical analyses were performed by t-test.
RESULTS
Expression of glycolysis-related enzyme genes in primary myeloma cells. The LDHA mRNA expression was detected at various levels in purified primary myeloma cells ( Figure 1A ). As shown in Figure 1B , there was a positive correlation between LDHA expression and the serum LDH level (Po0.01). Moreover, MM cells with higher LDHA mRNA expression showed poor survival ( Figure 1C ), indicating that LDHA mRNA expression in myeloma cells may serve as an adverse prognostic indicator, similar to the serum LDH level.
Next, we examined the expression levels of other glycolysisrelated enzymes in myeloma cells. The expression levels of LDHA, PDK1 and MYC were significantly higher in myeloma cells from MM patients than in plasma cells from MGUS patients (Po0.01, Po0.001 and Po0.05, respectively; Figure 1D ). Except for HIF1a, the expression levels were significantly correlated with one another (Table 1 ). These findings indicate that the aerobic glycolysis system is operative in some MM cells.
Analysis of glycolysis in MM cell lines. Consistent with the findings in the primary samples, the glycolysis-related genes LDHA, PDK1 and MYC were expressed at various levels in the MM cell lines ( Figure 2A ). When we divide cell lines into two groups, 12BM/U266 and others, there was a statistical differences in LDHA and MYC expressions (P value ¼ 0.0027 and 0.0058, respectively), whereas there was no statistical difference in PDK1 expression (P ¼ 0.0817), although mean expression levels of PDK1 tended to be lower in 12BM/U266 group than that of others (226.2 and 2976.1, respectively).
Similar findings were obtained for LDH activity in the cell lysates of the 8226, 12PE, KHM11 and KMM1 cell lines ( Figure 2B ). There was a statistical difference in LDH activity of 12BM/U266 group from others (Po0.0001). The glucose concentrations in the culture supernatants of these four cell lines (8226, 12PE, KHM11 and KMM1) were dramatically reduced within a few days, whereas the glucose level of the KMS-12BM cell line slowly decreased and that of the U266 cell line was unchanged ( Figure 2C ). On the other hand, high lactate levels were detected in the cell lines with high LDH activity (8226, 12PE, KHM11 and KMM1; Figure 2D ).
Induction of apoptosis by the LDHA inhibitor oxamate. Oxamate, an inhibitor of LDH that competes with pyruvate for its binding site on the enzyme, induced apoptosis in MM cells. The cells were treated with oxamate at 0, 12.5, 25, 50 or 100 mM for 24 h and then analysed. All the MM cell lines showed apoptosis at variable levels in a dose-dependent manner ( Figure 3A) . In particular, the cell lines with high LDH activity (12PE, 8226, KHM11 and KMM1) showed higher sensitivity to oxamate than the cell lines with low LDH activity. There was a statistical difference in the amount of apoptotic cells of U266/12BM cells from those of other cell lines induced by oxamate at a concentration of 100 mM. Oxamate induced apoptosis in primary MM cells, but showed no cytotoxicity toward normal peripheral blood mononuclear cells (PBMCs; Figure 3B ).
To further characterise the mechanism of the apoptosis induced by oxamate, activation of caspase-3 was analysed. As shown in Figure 3C , cleaved caspase-3 was detected in oxamate-treated 12PE cells. On the other hand, activated caspase-3 was not observed in KMS-12BM cells, which were less sensitive to oxamate. Apoptosis induced by oxamate was partly inhibited by the pan-caspase inhibitor Z-VAD-FMK ( Figure 3D ). Induction of apoptosis by the PDK1 inhibitor DCA. Next, we investigated whether the PDK inhibitor DCA induced apoptosis in MM cells. The cells were treated with DCA at 0, 10, 20 or 40 mM for 24 h and then subjected to Annexin V/PI analyses. Apoptosis was induced in the 12PE and KMM1 cell lines by DCA in a dosedependent manner ( Figure 4A ). Dichloroacetate also induced ROS production at a concentration of 40 mM ( Figure 4B ). We further found that DCA induced apoptosis in primary MM cells, but showed no cytotoxicity toward normal PBMCs ( Figure 4C and D) . We then examined the effects of a combination of DCA and bortezomib, which is a proteasome inhibitor at 4 nM but shows a minimum cytotoxic effect (B20% cell death) at that concentration (Hideshima et al, 2001 ). The combination of DCA (40 mM) with bortezomib (4 nM) showed more induction of apoptosis on KMM1 cells than those when they utilised solely ( Figure 5A ). To further investigate the mechanism of the cell death induced by the combination of DCA with bortezomib, caspase-3 and ROS production were analysed. A significant increase in cleaved caspase-3 was observed after treatment with the combination of DCA and bortezomib compared with monotherapy ( Figure 5B ), whereas increase of ROS was marginal by the addition of bortezomib to DCA (Supplementary Figure S1) . Interestingly, the bortezomib-resistant myeloma cell line KMS11/BTZ showed significant cell death after DCA treatment compared with the parental bortezomib-sensitive cell line KMS11 (data not shown). Significant induction of apoptosis to KMS11/BTZ was found by the treatment with oxamate or DCA ( Figure 5C and D) . Because oxamate solely induced apoptosis to KMS11/BTZ at high levels, augmentation of apoptosis was not found by the combination with bortezomib. Although slight increase of apoptotic cells by bortezomib was found in combination with oxamate at a concentration of 12.5 mM, the amount of increase was not evident. On the other hand, although DCA induced apoptosis of KMS11/ BTZ in a dose-dependent manner, augmentation of apoptosis by the addition of bortezomib to DCA was not observed ( Figure 5D ).
Based on our findings that the PDK1 inhibitor DCA induced apoptosis in MM cells, we investigated the effects of siRNAmediated inhibition of PDK1 expression. Inhibition of PDK1 expression was confirmed at the mRNA and protein levels at days 1-5 of the treatment ( Figure 6A ). Significant induction of apoptosis was observed after the PDK1 inhibition ( Figure 6B ).
DISCUSSION
We found that high LDHA mRNA expression in MM cells was correlated with a high level of serum LDH. As LDH is known to be an adverse prognostic factor in MM (Barlogie et al, 1989) , our observations are consistent with the higher LDHA expression in MM cells with short survival. Indeed, the serum LDH level was correlated with poor overall survival in our cohort (median: 1559 vs 331 days, P ¼ 0.01). We evaluated other molecules, PDK1, cMYC, GLUT1 and HIF1A, if these serve as prognostic factor. However, in our cohort, LDHA expression was the only significant prognostic factor (Supplementary Figure S2) . Similar finding was obtained by the analysis of microarray database referring total therapy 2 (TT2; NCBI data set no. GSE2658; Zhan et al, 2006) , although difference of survival was marginal, possibly because of high intensity of chemotherapy (Supplementary Figure S3) . We also made analysis of subgroup of TT2 cases, which was classified by gene expression profiles and found that CD2 group showed lower expression of LDHA (Supplementary Figure S4) (Zhan et al, 2006) . As CD2 group showed longest overall survival, low expression of LDHA may be a marker of low-risk MM. Analysis of these gene expression in human myeloma cell lines, which were classified in six subgroups by expression of MAF, MMSET, CCND1, FRZB with or without overexpression of cancer testis antigens (Moreaux et al, 2011) , showed no specific expression pattern of these genes within molecular subgroups (Supplementary Figure S5) . This may reflect somewhat uniform background of cell lines than those of primary samples as most cell lines were established from extra medullar lesions with aggressive disease status. As LDH is a glycolytic enzyme that converts pyruvate to lactate, MM cells with high LDHA expression may have high glycolytic activity. Indeed, LDHA expression was correlated with the expression levels of other glycolytic enzymes. Moreover, glucose consumption and lactate production were correlated with the expression levels of these genes. This is the first report showing the significance of LDH as a glycolytic enzyme in MM cells other than only as an adverse prognostic factor. The mechanisms that regulate glycolysis represent an interesting issue. It is considered that myeloma cells accumulate various abnormalities that contribute to disease progression from MGUS (Korde et al, 2011; Zingone and Kuehl, 2011) . We found that LDHA expression was significantly higher in MM cells than in plasma cells from patients with MGUS. Similar to the findings for LDHA expression, we found that MYC expression was significantly higher in MM cells than in plasma cells from patients with MGUS, as previously reported (Shou et al, 2000; Gabrea et al, 2006; Chng et al, 2011) . It has been reported that MYC is activated in 67% of MM patients, but is not or rarely expressed in MGUS (Chng et al, 2011) . Shou et al (2000) showed that dysregulation of c-myc is principally caused by complex genomic rearrangements that occur during the late stages of MM. Thus, it is thought that MYC gene expression occurs as a late event during the progression of MM. Furthermore, MYC was reported to be a direct target of the transcription factor interferon regulatory factor-4 (IRF4), which is known to be an important oncogene in the pathogenesis of MM (Shaffer et al, 2008 (Shaffer et al, , 2009 ). The same authors further reported that genes associated with glycolysis (LDHA, HK and PDK1) are also IRF4-targeted genes (Shaffer et al, 2008 (Shaffer et al, , 2009 . These previous studies support our findings that aerobic glycolysis is upregulated in MM cells compared with MGUS cells, possibly through MYC activation.
With regard to novel therapeutic approaches toward MM cells in cases with a poor prognosis, targeting of the glycolytic pathway should be reasonable. A small-molecule inhibitor of LDHA, FX11, was reported to trigger oxidative stress in cancer cells, leading to necrotic cell death (Le et al, 2010) . The same authors further found that a reduction in the LDHA activity was associated with an elevation of the NADH/NAD þ ratio, which was linked to increased ROS production and cell death. Moreover, it was reported that LDHA inhibition leads to a reduction in lactate production, which is the energy source for cancer cells, and induces cell death (Xie et al, 2009; Le et al, 2010) . In another study, a reduction in LDHA activity was found to cause a decrease in the mitochondrial membrane potential (Fantin et al, 2006) . We found that oxamate, a competitive inhibitor of the LDH enzyme, induced apoptosis by activating caspase-3, especially in MM cells with high LDH activity. Taken together, the present findings and those in previous reports suggest that inhibition of glycolysis can be a new therapeutic modality for MM cells with high LDH expression.
Dichloroacetate, a PDK inhibitor that binds to the N-terminal domain of PDK2, also decreases PDK1 activity (Kato et al, 2007) . It has been shown to possess anticancer activities by inducing cell cycle arrest and depolarising the hyperpolarized inner mitochondrial membrane potential (Michelakis et al, 2008; Wong et al, 2008; Madhok et al, 2010; Sun et al, 2010 Sun et al, , 2011 Tong et al, 2011) . Oral DCA was reported to show good bioavailability, which encourages phase I/II clinical trials for its use in brain cancer and non-small lung cancer patients (Michelakis et al, 2010; Porporato et al, 2011) . A new selective PDK1 inhibitor, AZD7545, is already expected to undergo a clinical trial (Kato et al, 2007) . As PDK1 shows relatively higher expression in plasma cells or myeloma cells compared with other haematopoietic lineages (Shaffer et al, 2008; Jourdan et al, 2009 ), targeting of PDK1 should be more suitable than targeting LDH, which basically exists in all kinds of cells. Indeed, PDK1 was reported to be expressed at only low levels in most normal tissues (Jourdan et al, 2009) , as can be seen in the open web ATLAS (http://amazonia.transcriptome.eu/) (Carrour et al, 2010) .
We have found for the first time, to our knowledge, that DCA induced ROS production and apoptosis in MM cell lines and primary MM cells. Moreover, we found that inhibition of PDK1 mRNA expression induced ROS production, activated caspase-3 and led to apoptosis in MM cells. These findings suggest that PDK1 could also be a therapeutic target molecule for multiple myeloma.
Bortezomib is a well-known proteasome inhibitor with significant anti-myeloma activity through inhibition of NF-kB activity, cytokine secretion and angiogenesis (Hideshima et al, 2009; Hideshima et al, 2011) . Although bortezomib shows high response rates, resistance to bortezomib remains a problem. Consistent with reports that combination therapies of glycolytic inhibitors with anticancer drugs show synergistic or additiveeffects (Zhou et al, 2010; Fiume et al, 2011; Tong et al, 2011) , we found an additive effect of DCA and bortezomib, which was accompanied by induction of caspase-3 activation and ROS production. Dichloroacetate induced apoptosis in bortezomib-resistant cells in a dosedependent manner. However, as we did not find a significant additive effect of DCA and bortezomib to bortezomib-resistant cells, PDK1 inhibitor alone may not sensitise bortezomib-resistant cells to bortezomib.
Taken together, the present data suggest that targeting glycolysis, especially PDK1, could be a new strategy for MM patients with high serum LDH levels and a poor prognosis.
